Abstract. Voyager 2 data from 47 AUshows a delayofabout6days between the arrival of interplanetary shock fronts and the peaks in the 0.52 -1.45 MeV energetic proton ux. Similar data recorded when Voyager 2 was at 5 AUshows that the shock fronts and the peaks in the energetic proton ux are virtually coincident. If injection and acceleration took place at the shock fronts one would expect the peaks in the energetic proton ux and the shocks to coincide. We show that the delayobserved at 47 AU can be understood if the injection and acceleration of energetic protons became negligibly small some time before the shocks were observed.
Introduction
Interplanetary shocks associated with co-rotating interaction regions (CIRs) and coronal mass ejections (CMEs), within about 5 AU of the sun, have been shown to accelerate ions from > 30 keV/nuc. to a few MeV/nuc. McDonald et al., 1976 Barnes and Simpson, 1976 Decker et al., 1981] . These accelerated particles seem to originate from in situ solar wind material e.g. Reames, 1999] . For di usive shock acceleration to occur, the particle velocities must be signi cantly greater than the solar wind ow speed. The thermal solar wind particles must therefore be accelerated initially via a di erentmechanism, often referred to as injection Zank et al., 1996 Lee et al., 1996 Zank et al., 1999] , up to energies su ciently large that di usive shock acceleration can take place. Observations of energetic particle abundances at both inner and outer heliospheric shocks indicate Gloeckler et al., 1994 Maclennan et al.,1996 Zank et al., 1996 Fr anz et al., 1999 that the injection e ciency for thermal pickup protons is signi cantly greater than that for thermal solar wind protons. comparison of the 1979 data indicates that when shocks are associated with energetic particle increases the peak particle ux is nearly coincident with the speed jump. In the outer heliosphere, shocks are weaker and less frequent. In the 1995 data, the associated particle increases begin roughly at the shock passage, but the peak in energetic particle ux lags the twoshocks byabout6days. We note that a spike in the solar wind speed occurs on day 322 one can speculate on whether this spike is associated with the energetic particle spikeonday324,butwe believe the broader energetic particle structure is associated with the shockonday317.AsLazarus et al. 1999] show, this lag between the shock passage and the energetic particle arrival is a common occurrence in the outer heliosphere.
If ion injection were taking place at the shock fronts, one would expect the energetic ion peaks to coincide with the shocks. Newly created energetic ions would convect with the local solar wind ow speed while they di used, but the continued injection and acceleration of energetic ions at the shock frontwould force the energetic ion peak to remain coincident with the shock. If the injection e ciency were to become negligible, the peaks in the energetic ion ux and the shock fronts should separate. Since the shock propagates away from the sun at a speed greater than both the upstream and downstream solar wind, it should overtake the energetic ion peak. As the particles di use, the peak will diminish and eventually disappear. The length of time for which the peak is observable depends on the cosmic ray di usion coe cient. We suggest here that the delaybetween the shock fronts and the energetic ion peaks can be explained if injection at the shock fronts is essentially turned o when the shocks were at a radial distance of less than 47 AU.
Basic Model
The solar wind is modelled using a one-dimensional, spherically symmetric, @ t B +1=r@ r (ruB) = 0 (4) @ t P cg + u ; 2 g =r @ r P cg + R @ r u +2u=r P cg ; @ r g @ r P cg = 0 (5) @ t P ep + u ; 2 p =r @ r P ep + T @ r u +2u=r P ep ; @ r p @ r P ep = ; @ r u (6) where , P g , B,a n du denote the solar wind density, gas pressure, magnetic eld strength, and radial owvelocity. Since we are considering outer heliospheric shocks, the magnetic eld and solar wind owvelocity are chosen to be perpendicular. P ep and P cg are the energetic proton and galactic cosmic ray pressures and p and g are their respective di usion coe cients. The value used for the galactic cosmic ray di usion coe cientwas 5 10 18 m 2 s ;1 . The energetic proton di usion coe cientwas assumed to become very small downstream of the shocks and will be discussed in more detail in a later section. Here T and R are the thermal and relativistic speci c heat ratios with T taken to be 5/3 and R to be 4/3. Q M and Q E are the momentum and energy source terms associated with the deposition, through charge exchange, of pickup ions (PIs) in the solar wind Zank and Pauls, 1997 Rice and Zank, 1999] .
The right hand side of equation (6) simulates particle injection at the interplanetary shock fronts Zank, Webb, and Donohue, 1993] and is based on the theory of Zank et al. 1996 ]. This theory suggests that ions are re ected from the cross shock potential whose amplitude depends on the shock strength. The mechanism is more e cient for strong shocks and is included in our model through the @u=@r term. PIs are also thoughttobe more e ciently injected into the acceleration mechanism than thermal solar wind ions Gloeckler et al., 1994 Zank et al., 1996 Lee et al., 1996] . Consequently the value of at the shock fronts is given by = 1 P g exp ; =r] (7) where 1 is a constant (taken to be 0.5) and =4AU. At small radial distances, where the PI pressure is low, the exponential term is small, is small and the injection e ciency is low. At large radial distances the PI pressure dominates that of the solar wind and hence depends on the solar wind pressure. Away from the shock is zero.
Although our injection model is fully hydrodynamic and is not as complicated as the kinetic approach Malkov and V olk, 1995] , it gives the essence of the injection mechanism and allows us to understand this problem in a simple and straightforward way.
Equations (1) - (4) are solved using a time explicit Eulerian hydrodynamic code Pauls et al., 1995] . The xed initial conditions at 1 AU are =10cm ;3 , u = 400 km s ;1 , P =1:3 10 ;11 Pa, T =5 10 4 KandB = 5 nT. Equations (5) and (6) 
Simulations and Results
Once the initial conditions have been set, the code is run until a steady state solution for the solar wind and the galactic cosmic rays is obtained, an example of which can be found in Rice and Zank 1999] . Shockwaves are introduced bychanging the conditions at 1 AU for a predetermined length of time. The structure used in this case is what has been called a stream driven wave Zank and Pauls, 1997 Rice and Zank, 1999] . The radial evolution of a stream driven wave can be seen in Rice and Zank 1999] . The structure consists of a number of shocks and a pressure balanced structure Burlaga et al., 1994 ]. Using our model the leading forward shock is the only shock that signi cantly injects and accelerates energetic protons. The e ect of PIs is shown Zank and Pauls, 1997 Rice and Zank, 1999 ] to decrease the shock compression ratio, weakening the shock and decreasing the injection e ciency.
Since the galactic cosmic rays have a large di usion coe cient and a small pressure gradient they are una ected by the shocks and do not themselves modify the shocks in any observable way.A t the shock fronts, the term in equation (6) is non zero.
Energetic protons are therefore produced, by injection and acceleration, at these shock fronts and add to the total cosmic ray pressure. It is assumed that the di usion coe cient for these energetic protons is close to the Bohm limit for 1 MeV particles in a 0.2 nT magnetic eld. Upstream and far downstream of the leading forward shock, it was assumed that the energetic proton di usion coe cientwas 8 10 15 m 2 s ;1 .
Immediately upstream of this shock the di usion coe cient is assumed to decrease to about 1/10 of this value and to maintain this value for about 5 AUdownstream of the shock. This is approximately the radial extent of the stream driven wavebeyond 10 AU.
The decrease in the di usion coe cient is due to increased turbulence in the extended foreshock and in the region downstream of the leading forward shock. The additional structure of the stream driven wavealsointroduces increased turbulence and hence the lower di usion coe cient is thought to exist for a signi cant portion of the stream driven wave structure. Figure 2 shows the assumed energetic proton di usion coe cient plotted against radial distance when the leading forward shock of the stream driven waveisat20AU.
Once energetic protons have been produced at the shock fronts they will tend to di use upstream and downstream of the shocks. The energetic proton di usion coe cient is, however, small enough that, together with their continued production, their pressure gradient can be quite signi cant. The energetic proton pressure gradient can decelerate the upstream ow, producing an extended foreshock. This weakens the shock. As the shockweakens, @u=@r at the shock becomes smaller (see Equation (6)) and the injection e ciency is reduced. As the shockw eakens the cross shock potential Zank et al., 1996] tends to zero, switching o the injection mechanism. In reality di usiveshock acceleration should cease when the injection mechanism is unable to accelerate protons to su ciently high energies. This should occur while the shock compression ratio is still greater than unity.W e assume that this occurs if the shock compression ratio is 1.5 or smaller. To include this in our model we simply set to zero at the shockfront once the shock compression falls belowthislevel. For the stream driven wave this corresponds, for the forward shock, to a radial distance of 35 AU. At this stage the energetic protons will be controlled byconvection and di usion and the shock fronts and energetic proton peaks should separate. Figure 3 shows the solar wind density and owvelocity together with the cosmic ray pressure (galactic cosmic rays + energetic protons) at two di erent times. In both Figure 3a and 3b the leading forward shock can be seen. In Figure 3a injection and acceleration is still taking place at this shock. The peak in the cosmic ray pressure coincides with the shock front and a foreshock upstream of the shock is evident. The length scale of this foreshockis p =u. When the leading forward shock compression ratio is 1.5 (at about 35 AU) is set to zero everywhere, turning the injection of energetic protons o at the shock front. Figure 3b shows the leading forward shockat47 AU. The cosmic raypeaknow lags the shockby about 2.4 AU. The actual displacement should depend on the shock speed. In this case, the shock is propagating at about 475 km s ;1 ,75-100kms ;1 faster than the downstream solar wind ow speed. In the time it takes the shock to propagate 12 AU (from 35 AUto47AU) anything convected with the solar wind will propagate between 9.5 and 10.1 AU. This is a di erence of 1.9 -2.5 AU. There is also no foreshock upstream of the leading forward shock. This is because the cosmic ray pressure gradient at the shockisnow small and the shock has reverted to a propagating MHD shock.
Conclusion and Discussion
A possible explanation for the observed delaybetween the arrival of a shock front and the peak in the associated cosmic ray ux is that the injection mechanism at the shock is unable to accelerate protons up to energies su ciently high that di usive shock acceleration can take place. The shock therefore leaves behind the cosmic rays which are partially coupled to the solar wind ow. The actual delay will depend on the shock speed and if this can be determined then the radial distance at which the acceleration e ciency became negligible can be calculated. The inclusion of pickup ions signi cantly increases the sound speed in the outer heliosphere. Consequently even very weak shocks, whichmay not even be identi able as shocks, propagate at between 65 and 75 km s ; 1 faster than the local ow speed. This is su cient to explain the observed delay.
The energetic proton di usion coe cient used in our model depended on the shock position. It was, however, found that a constant di usion coe cient could give the same result were it su ciently small that the energetic protons did not signi cantly di use within the time range of interest. If the di usion coe cientwere too large then the 
